Fabric response to hydroentangling process variables is usually presented as a plot of energy consumed / kg of fabric produced. This paper presents a simple mechanical model describing the transformation of a random fiber web into a hydroentangled fabric having a clearly defined cellular structure dependent on the forming wire. The model indicates that only a tiny fraction of the energy supplied by the entangling jets is consumed in the production of the fabric. Low speed hydroentangling data for nylon 66, polyethylene terephthalate (PET), polypropylene terephthalate (PTT), and polypropylene (PP) fibers using very different forming wires indicate that force acting on the fiber, not energy, is the important variable.
INTRODUCTION
Hydroentanglement is perhaps the fastest growing bonding method in the nonwoven arena, and the identification of critical variables in the transformation of a web having relatively unorganized fiber geometry to one with a clearly defined cellular structure is of considerable technical interest. Traditionally experiments usually determined the effect of fabric speed and jet pressure when fabric is passed through a given machine with a single forming wire. In such an experiment, energy per unit fabric weight appears to be the dominant variable and figures such as Figure 1 [1, 2, 3, 4, 5, 6 ] are common.
This work views hydroentanglement as a process in which a sheet of randomly oriented fibers is transformed into one with a definite cellular structure imparted by fiber flow around the knuckles of a forming wire.
This process is depicted schematically in Figure 2 . While this structure is quite apparent to the naked eye for coarse mesh wires, it is also present in very fine meshes under magnification as illustrated in Figures 3 and 4. . The objective of this work was to understand the influence of fiber properties, forming wire, and jet pressure on the fabric tensile properties resulting from the hydroentangled fabric cellular structure. Fabric tensile properties were used as a marker for fabric texture development.
EXPERIMENTAL DESIGN
Details of the experimental design may be found in (8) and publications currently in preparation. The dependent variable reported here is fabric tensile break strength which proved to be a logical marker for development of such properties as break elongation and tear. Independent variables in the trials were:
• Jet pressure • Forming wire • Fiber content • Number of jet strip passes. A detailed discussion of these variables in included in (8) . The major strengths of the study were the wide range of screen types summarized in Table 1 , and variety of fibers summarized in Table 2 .
The major weaknesses of the study were the slow speed of the equipment available at the project start (6 meters / minute,) and the hydroentanglement configuration of 3 strips on one side per pass. Laboratory upgrading has removed these restrictions from future work.
Experimental Procedure
Procedure details are available in reference (8) . Carded, cross lapped webs were entangled using a 50.8 cm (20 inch) wide Honeycomb model hydroentanglement machine with three manifolds. Fabric samples were produced at different energy levels by varying both manifold pressure, and the number of passes through the machine. A minimum of two passes was required to treat both sides of the web and get good bonding. Such processing is typical of commercial multipass operation, but for this equipment manual rolling of the fabric between passes was employed. The pressure of the first manifold was held constant at 1.38MPa (200 psi) for prewetting. A maximum pressure of 10 MPa (1,450 psi) was available. Jet diameter was 0.127 mm with a jet density of 16 orifices/cm.
VARIABLES DRIVING HYDROENTANGLEMENT

Specific Energy
Specific energy delivered to the fabric was calculated in the traditional manner:
For 1 jet strip
For the Total
where: d o = jet diameter C o = discharge coefficient P g = jet manifold pressure N = number of passes W = fabric weight S = Speed The function is preceded by the appropriate constant for the input units used. In the case of these experiments jet diameter, fabric weight, and speed were generally maintained constant so specific energy is a function only of pressure and number of passes.
Jet to Fiber Drag Force
The force the jet delivers to a fiber was modeled as the drag resulting from a fluid passing by a cylinder, Figure 6 .
Drag force across cylinders with nearly infinite length to diameter ratio has been well studied and can be calculated using Bernoulli's law, jet flow characteristics, and fiber dimensions. Details of this and all other force and energy calculations are contained in (8) . This force is a function of the drag coefficient which is in turn a function of Reynolds number. 
Where: L p = average projected fiber length, m which is assumed a function of the forming wire d f = fiber diameter, mm Using this relationship one can calculate the average force a fiber feels during the hydroentangling process.
VARIABLES RESISTING HYDROENTANGLEMENT -A PHYSICAL MODEL OF HYDROENTANGLEMENT
As indicated in Figures 2, 3 , and 4, hydroentanglement can be visualized as the formation of a structure with defined unit cells from a random oriented input web. Input energy and drag force drive the formation of the fabric cell structure. These factors are resisted by:
• Fiber bending force • Fiber to fiber friction force • Stress resulting from fiber strain In this initial treatment, fiber to forming wire frictional force is assumed negligible, although it is probably proportional to fiber to fiber friction and lumped into that variable. To estimate the magnitude of these forces a simple physical model was developed to estimate:
• The size of the cellular structure based on the forming wire
• The magnitude of each force • The total energy consumed by the fabric process assuming all are operative.
The Unit Cell
The size of the cellular structure in the fabric is a function of the geometry of the forming wire. Figure 7 illustrates a typical forming wire.
At each point in the weave pattern where one wire crosses over the other a raised area or "knuckle" occurs. The size of this knuckle can be geometrically calculated from the wire specifications (8):
• d MD and d CD , wire diameters in MD and CD respectively • P MD and P CD , wire spacing in MD and CD respectively Given the size of the unit knuckle the size of the unit cell can be estimated from the intersections of the weave pattern. Figure 8 is a schematic of the transformation a fiber undergoes if it slides strain free from the straight configuration in the input web to a position conforming to the unit cell.
Fiber Bending Force
The fiber bending force, or flexural rigidity, can be calculated using standard methods (8) and is: <FR> = 7.96x10 -2 ET 2 /ρ (4) 
Frictional Force
Frictional force can be estimated from the standard F = µN with the result: F f = 1.49x10-8µ w P g (5)
Where: µ w = fiber to fiber coefficient of friction P g = jet manifold pressure, mPa It is interesting to observe that increasing the jet manifold pressure actually increases the frictional force resisting hydroentanglement because it is the normal force in the friction equation.
Fiber Force from Strain
If both ends of a fiber are pinned by the developing fabric structure the fiber must undergo strain to conform to the unit cell as indicated in Figure 9 .
Two assumptions are used to calculate the strain:
• Restrained points are at the middle of the wire spacing • The fiber is strained to conform to the unit cell.
The resulting strain force is:
Where: E = Young's modulus, N/m 2 T = fiber linear density, kg/m K w = the forming wire spacing, mm R = diameter of unit hole, mm
CALCULATED ENERGY UTILIZATION
The definition of work, resistance forces, fiber properties, and unit cell dimensions can be used to estimate the work done to transform a uniform random web to the unit cell structure. Unit cells observed on test fabrics corresponded closely with those calculated from wire geometry.
As seen from Figure 1 , maximum properties for both PET and PTT appear to develop at a specific energy of approximately 5,000 kJ/kg fabric. We used this energy level to calculate what fraction of the input energy was actually used in fabric bonding with the following assumptions, 1) that all fibers obtained the unit cell geometry and 2) that all three forces were involved to their maximum extent. This should give an upper limit estimate of energy utilization. A typical 100% PET fabric was used for the calculation, details of which are presented in (8) . Results presented in Table 3 indicate that only a small amount of input energy is used to construct the bonds. Interestingly, the energy consumed is relatively independent of the size of the unit cell (forming wire mesh) because while fine meshes provide less fiber movement, there are many more cells per unit area. Even if this estimate is an order of magnitude low, it is evident that the actual amount of energy used is less than 10%.
These results lead one to question the use of specific energy to describe the hydroentanglement process.
FORCE OR SPECIFIC ENERGY?
A simple way to test whether force or energy is the determining variable is to produce samples at the same specific energy by two different routes. Specific energy can be increased by either 1) increasing manifold pressure, or 2) increasing the number of passes at a low manifold pressure. Typical results from such an experiment, illustrated in Figures  10 and 11 , show that specific energy does not uniquely correlate fabric tensile behavior in either MD or CD when multiple passes are used.
While we were not surprised that specific energy was not the prime driver for tensile property development, we were surprised at the direction of the improvement in machine direction, with the lowest jet pressure (force) yielding the best fabric tensiles. The key to this difference lies in the effect of the forces required to transfer the fabric from one pass to another which change the fabric fiber orientation distribution function by "drawing" the fabric.
Fabric responses appear force driven, rather than energy driven. It is clear that transfer forces are important and should be further studied. This paper, however, focused on the forces in the hydroentangling zone.
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Figure 9
FIBER GEOMETRY WITH STRAIN 
Fabric Transfer Force
Fabric transfer force was not measured quantatively during these trials, because the transfer between passes was done by hand. However, qualitatively, the higher the jet pressure, the higher the transfer force. We also found that increasing the number of transfers changed the fabric geometry and caused a measurable difference in the fiber orientation distribution. Figure 12 is the fiber orientation distribution (ODF) of the web fed to the hydroentangling process. This orientation distribution with dual maxima near 20 and 160 o are what would be expected for a cross lapped card web. Figure 13 indicates that hydroentangling converts this fiber distribution to one with primary machine direction orientation, and that this machine direction bias increases with increasing number of passes at constant pressure. Figure 13 is for a relatively low jet pressure, the effect is more profound at higher pressures.
It is clear that both the number of fabric passes from belt to belt as well as the transfer force required are important variables and should be carefully controlled.
DIMENSIONAL ANALYSIS
Dimensional analysis in the form of force ratios has been used for generations to describe complex fluid flow and heat transfer systems. viscous to inertial forces for fluid flow describes drag coefficients, pipe pressure drops, and the onset of turbulence. Having estimated the forces resisting hydroentanglement, and the jet drag force which causes it, dimensionless numbers can be generated by ratioing a given resistance force to the drag force. These numbers might be used to determine the primary resistance force to hydoentanglement in a given forming wire, and fiber content regime.
Flexural Rigidity Ratio
Equations 3 and 4 can be used to calculate the flexural rigidity ratio as follows:
This dimensionless number is a function of jet pressure to the first power, forming wire dimensions, and fiber properties. When fiber bending dominates we would expect fabric properties to change linearly with jet pressure with the rate proportional to the fiber and wire properties.
Fiber Friction Ratio
Equations 3 and 5 can be used to construct the friction ratio as follows:
This dimensionless number is independent of jet pressure and is influenced only by forming wire and fiber properties. When fiber friction dominates we would expect fabric properties to be nearly invariant with jet pressure.
Stress/Strain Ratio
Equations 3 and 6 can be used to calculate the stress/strain ratio as follows:
This dimensionless group is proportional to jet pressure and a function of both fiber properties and forming wire geometry, but in a different way than the flexural rigidity ratio. One therefore expects fabric properties to vary linearly with increasing pressure.
DIMENSIONAL ANALYSIS APPLIED
Trials were run with all four wire types in Table 1 , and fibers in Table 2 , using only two passes at a series of pressures from about 3.5 to 10 mPa. The area of interest in these data is the area from low pressure to the pressure at which fabric properties reach a maximum. Fabric tensile responses for this experiment plotted in Figure 14 indicate a linear pressure response for all fibers up to maximum property development. Figure 15 is the regression analysis for the linear portion of the Figure 14 indicating good fit to linearity. ratio is eliminated as the major driving force. Flexural rigidity ratio and stress/strain ratios can be tested by examining goodness of fit of the slopes as a function of these ratios. Such a plots are contained in figures 16 and 17 and indicate that the dominate mechanism is probably flexural rigidity.
Mesh Results
As indicated in Figure 18 , results from the very open 10 mesh screen was very different, with tensile strength independent of jet pressure for all fibers tested. We believe this indicates that the friction ratio is the dominate factor.
Results from the intermediate mesh screens provided no clear guidance as to dominant mechanism, indicating a transition region where several mechanisms are important. Overall results summarizing dominant mechanism are presented in Table V . Clearly more work is required over a wide range of screens and fibers at realistic operating speeds to fully develop use of the unit cell and dimensional analysis concepts.
SUMMARY AND CONCLUSIONS
A mechanical model describing the transformation of the web structure from randomly arranged fibers to a well organized unit cell structure is developed. This cell model is used to quantify the jet drag force which drives this rearrangement and the three major fiber forces resisting it:
• Fiber bending rigidity • Fiber to fiber friction • Forces resulting from fiber strain. These forces are used to calculate the work used to rearrange the fabric into the unit cell structure. This work is found to be around 1% of the input energy. Experimental work in which specific energy was varied by both jet pressure and repeated passes through the unit confirmed that jet force, and not specific energy, is the variable responsible for hydroentanglement. In the course of this experiment the impact of the transfer force between passes and the number of passes on fabric properties was observed. Both variables are important to the hydroentanglement process. Flexural Rigidity promise for correlating hydroentanglement performance. Additional work at higher production speeds and pressures with a variety of fibers on diverse forming screens is required to exploit this initial finding.
